
Lecture 4

Water in the atmosphere

“At any moment, the atmosphere contains an astounding 37.5 million billion 
gallons of water, in the invisible vapor phase. This is enough water to cover 
the entire surface of the Earth (land and ocean) with one inch of rain.”



Only 1-4% of the Earth’s atmosphere is water vapour, yet water vapour is very 
important for our understanding of the atmosphere. The amount of water in a 
given volume of air is crucial for its ability to transfer energy.

Water in the atmosphere



Water in the atmosphere

MODIS on NASA’s Aqua satellite
https://earthobservatory.nasa.gov/global-maps/MYDAL2_M_SKY_WV



At any one time, individual water molecules are continuously changing state. Some 
are evaporating from the land or ocean surface into the atmosphere, while others 
are condensing. The net transfer determines whether the atmospheric humidity is 
increasing or decreasing. However, at some point the atmosphere above a given 
surface can reach an equilibrium - a balance in which the sum of water molecules 
changing state in one direction (e.g., evaporating) are balanced by the sum of 
water molecules changing state in the other direction (condensing). 

Water in the atmosphere



Imagine a closed container partially filled with 
water and from which the air has been removed. 
The fastest moving molecules quickly evaporate 
into the empty space above the liquid’s surface, 
and when they fall back to the surface they 
condense. 

The number of molecules in the vapour increases 
until the number of molecules returning to the 
liquid equals the number leaving in the same 
time interval. Equilibrium then exists, and the 
space above the liquid surface is said to be 
saturated. The pressure of the vapor when it is 
saturated is called the saturated vapor pressure 
(or simply the vapor pressure). 

Saturation pressure Giancoli CH 13-12



For air in contact, and in thermal equilibrium, with a flat liquid surface at 
temperature T there is a maximum value which the water vapour partial 
pressure Pw can have. This is called the saturation vapour pressure Pws, such 
that the same number of molecules are evaporating as condensing.

In general in an open environment the actual partial pressure of the water 
may be less than Pws.  

The saturation vapour pressure depends quite strongly on temperature, and 
is described by the Clausius-Clapeyron equation: 

P = P#exp − L)
RT

where Lv is the latent heat of vapourisation

Saturation pressure

not examinable!



Saturation pressure



• Water saturation pressure is an 
exponential function of temperature, 
thus small changes in temperature have 
a large effect on the amount of water 
that can be present as water vapour. Pws

roughly doubles for every 10 °C rise.

• At 100 °C, Pws= 1.01×105 Pa, which is 
equal to atmospheric pressure.  At this 
temperature bubbles of water vapour 
can grow on surfaces inside the liquid 
and rise to the surface (i.e., boiling).

• On top of Mount Everest the pressure is 
only 3.4×104 Pa, thus water will boil at 
about 70 °C.

Saturation pressure



Humidity

We can use the terms absolute humidity, relative humidity, and mixing ratio to 
describe the amount of water vapour in the air.

• Absolute humidity, ρw , is the measure of water vapour (moisture) in the 
air, regardless of temperature. Units are in kg m-3.

• Relative humidity also measures water vapour but RELATIVE to the 
temperature of the air. It is expressed as the amount of water vapour in the 
air as a percentage of the total amount that could be held at its current 
temperature.
• How we ‘feel’ temperature!

Warm air can hold far more moisture than cold air meaning that the relative 
humidity of cold air would be far higher than warm air if their absolute 
humidity levels were equal.



We can define the relative 
humidity:

RH = P%
P%&

×100%

Natural examples of changes in 
relative humidity
• Daily changes of temperature
• Temperature change due to 

horizontal movement of air 
from one location to another.

• Temperature change due to 
vertical movement of air from 
one location to another (see 
clouds later)

Humidity



Anthropogenic examples of changes in relative humidity
• When cool air is drawn into a building and heated the RH will drop. Thus we can 

experience “dry air” in a heated room if the moisture is not adjusted.
• When you enter a warm building on a cold morning your glasses may “fog up”.  The 

air in contact with your glasses is cooled below the dew point. 
• White plumes of fog above the chimneys of a power station. Warm air with RH < 

100% is cooled when is mixed in the atmosphere.  When it reaches the dew point 
water droplets are formed. Mie scattering (see optics lecture later!) of light by these 
particles gives the white appearance.  Similar effect for exhaust of jet engine.

Humidity



Dew point temperature is the temperature to which air, initially with RH < 100%, 
needs to be cooled for the water vapour pressure to be equal to the saturated 
vapour pressure.  At the dew point liquid water begins to condense out as small 
droplets on surfaces or on aerosol particles (e.g, fog).
• Since the dependence of Pws on T is well known,  the dew point gives a 

measure of the actual amount of water in the air.

Dew point

Hair hygrometer
• Humid air causes hydrogen bonds to 

form between the proteins in your hair, 
triggering curls and frizz.

• The length of a hair depends on RH –
gets longer in higher RH.



• The air is “humid” when dew point exceeds 21 °C (70 °F)
• Dew point above 24 °C (75 °F) is oppressive

Dew point

Dew 
point 
(°C)

Conditions

<5 Very dry

5-10 Dry

10-15 Comfortable

15-20
Starting to feel 

muggy

20-24
Muggy, quite 

uncomfortable

> 24 Oppressive



Mixing ratio = mass of water vapour per unit mass of dry air.  Mixing ratio is a small 
number, so it is sometimes expressed in g per kg of air.

Suppose we have a volume V of air which contains nw moles of water vapour at partial 
pressure Pw. The mass of water vapour in that volume is: 

mw = M% nw = 18×10+,nw [kg]
where Mw is the molecular weight of water expressed in kg.

When the water vapour is well mixed with the dry air the water molecules are far apart and 
we can treat it as an ideal gas, thus

n- = P-V
RT

m- = 18×10+, P-VRT [kg]

We can find the mass of the dry air in a similar way:

m6 = 28.8×10+, P9:9;< − P- V
RT [kg]

where mA is the mass of the dry air and (Ptotal – Pw) is the partial pressure of the air.

Mixing ratio



Thus the saturation mixing ratio is:

!"

!#
=

18'"
28.8 '* − ',

= 0.62
/0

/12/0

The amount of water required to 
saturate 1 kg of dry air as a function of 
temperature -> theoretical maximum 
amount of water vapour air at specific T 
and P can hold.

Relative Humidity

=
?@AB?C !DEDFG H?ADI

J?ABH?ADIF !DEDFG H?ADI
×100%

Mixing ratio



Hydrological cycle

The hydrological cycle represents the flow of water among ocean, land, and atmosphere. 
Water from the oceans and from land surfaces evaporates, changing state from liquid to 
vapor and entering the atmosphere. 



Condensation occurs when water vapour is cooled enough to form a liquid.
• Examples include dew, fog, and clouds. For all of these the air has to be cooled 

to, or below, the dew point – the temperature where the actual water vapour 
pressure becomes equal to the saturated vapour pressure.

Condensation

humidity

temperature



In the absence of particles, condensation may proceed directly from the gas to 
the liquid phase (homogeneous condensation) starting on randomly formed 
micro-droplets. Homogeneous condensation is rare in the atmosphere as large 
supersaturations are needed over small droplets.

For water droplet of radius r to be stable at a certain temperature the air must 
be supersaturated – the water vapour pressure PW must be greater than the 
saturated vapour PWS found over a flat surface at the same temperature.  

Supersaturation: state of a solution
that contains more of the 
dissolved material than could
be dissolved by the solvent
under normal circumstances

Homogeneous condensation condensation = nucleation



S* r* [µm] 
Number of 
Molecules 

1.01 0.115 2.1x108

1.1 0.012 2.4x105

2 1.65x10-3 630 

10 4.46x10-4 17 

Define supersaturation as !∗ = $%
$%&

The table shows the values of supersaturation S* required for different droplet 
radius – smaller droplets need higher S*.
• Droplet growth is only possible if the water vapour pressure over the drop 

is at least S*×PWS.

• Typical supersaturations of a few percent correspond to a critical radius 
that can not be reached by random aggregation of water vapour molecules.

Homogeneous condensation

'∗ = 2)*+
,*-./!∗

where σ is surface tension

not examinable!



• Heterogeneous condensation refers to nucleation of another phase on a surface. 
Typically it is much faster than homogeneous nucleation. Critical radius for 
heterogeneous condensation is the same as for homogeneous, but the critical volume is 
smaller due to the water droplet wetting (or spreading on) the surface. Thus the 
condensation rate is much higher than the homogeneous case.

• We mainly have heterogeneous condensation in the atmosphere, where aerosol 
particles, which are wettable, or soluble in water, are present. They act as cloud 
condensation nuclei and overcome the problem of small droplets. If the aerosol is 
soluble, the saturation vapour pressure is further decreased and drop growth facilitated. 

Heterogeneous condensation



Sources
combustion 
wind blown dust / sand 
sea salt 
gas to particle conversion (H2SO4)
pollens

Sinks
gravitational settling 
precipitation (80 - 90%) 

Atmospheric Relevance
cloud condensation nuclei, scattering (visibility), climate 

Atmospheric Concentrations
10 .. 107 cm-3, decreasing with altitude 

Size
10-4 µm .. 102 µm 

Atmospheric aerosols



As long as water vapour pressure in the air exceeds the vapour pressure close 
to the droplet, it can grow through condensation. All other things being 
equal, droplet growth is inversely proportional to the radius.

However, latent heat is released close to the drop, increasing temperature 
and decreasing relative humidity. Thus, drop growth is slowed down 
depending on the efficiency of heat transport from the drop and the gradient 
in water vapour pressure. 

It is possible to estimate the time required for the drop to reach a given 
radius:

Droplet growth by condensation

Radius r  [µm] Time t  [s] 
5 120 

10 500 
20 2000 

10-6



Droplet growth by 
condensation would 
be much too slow for 
the formation of rain 
drops of the size of 
millimetres

Droplet growth by condensation



• Rain drops are formed by accretion when 
faster-falling larger drops incorporate slower-
falling smaller drops. 

• In principal, we could use Stokes’ law to find 
the terminal (fall) velocity of water droplet 
falling through the air. (Consult lab. manual, 
ignore buoyancy force due to air, viscosity of 
air at 300 K  = 18.325×10-6 N s m-2).

• Some complicating factors:
• Lager droplets get distorted in shape
• The air flow around the droplet may be 

turbulent.

Droplet growth by accretion



Droplet growth by accretion



When comparing accretion and condensation efficiencies, the different radii at 
which they operate become clear: 

Condensation increases the size of smaller droplets and tends to homogenise 
the droplet spectrum whereas accretion favours the largest drops and leads to 
broadening of the droplet spectrum.

Droplet growth by accretion



Precipitation



Precipitation

Rime: ice that forms when 
water droplets in fog 
freeze to outer surfaces of 
objects.
Graupel: rime collects on 
snow crystals

hail graupel sleet snow



Hydrological cycle



• Most water is evaporated over the oceans 
• Mostly in the tropics (high temperatures) 
• Low evaporation over deserts and mountains (low humidity)
• Water vapour is transported to the continents as clouds where it rains out and 

eventually is brought back through rivers. 

Evaporation

Depth of water 
evaporated into 
the atmosphere 
per annum



Transpiration

Moisture carried through 
plants from roots to small 
pores (stomata) on 
underside of leaves, 
where it evaporates.



Summary

• Understand saturation pressure, relative humidity, dew point, mixing ratio

• Hydrological cycle
• Condensation

• Precipitation
• Evaporation

• Transpiration

Next week: clouds; tutorial #3 hand out
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